The leaf epicuticular exudate of the Mediterranean ruderal Dittrichia viscosa is water soluble and easily drained to the soil by rain. As a result, soil enriched with this material is inhibitory for seed germination of lettuce, while germination of Malcolmia maritima, (a species co-occurring with D. viscosa in the same habitat) is considerably delayed. We investigated the possible mode of action of this material as a growth inhibitor by using germinating lettuce seeds in filter paper bioassays. Apart from a negative effect on final percentage of seed germination, the material reduced root length and the frequency of cell divisions in the meristematic zone, induced abundant lateral roots and completely suppressed the formation of root hairs. Moreover, the presence of statocytes was rare and their internal polarity strongly perturbed. As a result, the ability of primary roots to respond to gravity was suppressed. We suggest that the strong biological activity of the rinsate may enhance the competitive ability of D. viscosa by interfering with resource acquisition of germinating neighbors.
Introduction
Many plants, especially those thriving in arid environments, secrete on their surfaces a complex mixture of secondary metabolites (terpenoids, flavonoid aglycones, simple phenolics), usually embedded in a wax matrix (Wollenweber & Dietz 1981) . Possible ecophysiological roles of this material can be deduced from the physicochemical properties of its constituents. For example, flavonoids and simple phenolics absorb selectively in the UV-B region of the spectrum, some phenolics and terpenoids are toxic, while terpenoids are strongly lipophilic. Accordingly, roles against UV-B radiation damage (Caldwell et al. 1983 ), herbivory (Bennett & Wallsgrove 1994) and excess water loss (Wollenweber 1985) have been proposed. One may speculate that in order to fulfill such functions with a low cost, the presence of the material on the leaf surface should be permanent. Indeed, the resinous character of the material, with its comparatively high resistance to erosion by rain, would reduce the cost of its replacement.
The Mediterranean ruderal Dittrichia viscosa bears on its leaves abundant secretory glands (Werker & Fahn 1981) in the exudate of which numerous sesquiterpene acids (Ceccherelli et al. 1985) and 22 flavonoid aglycones (Wollenweber et al. 1991 ) have been detected. However, most of the flavonoid part (and possibly other constituents) of this material is water soluble and can be depleted from the leaves and dispersed to the soil by natural or artificial rain (Stephanou & Manetas 1997b) . Accordingly, an effect on neighboring plants could be presumed. Comparing plants in which the epicuticular material had been removed or maintained, revealed a very slight water conserving function and no evidence for a correlation between the presence of the epicuticular material and the UV-B sensitivity of the plant (Stephanou & Manetas 1995 , 1997 . Yet, this material inhibited seed germination of lettuce (in both filter paper and soil bioassays) and radicle growth of Phlomis fruticosa, the latter species frequently found in the same habitat as D. viscosa (Stephanou & Manetas 1995) . The material was not toxic for the seeds of the mother plant.
Flavonoids and other secondary compounds have been frequently implicated in allelopathic reactions, usually inhibiting seed germination and root growth (Rice 1979) . However, little is known about their mode of action (see Berhow & Vaughn 1999 and the literature therein). As an initial attempt towards this direction we report here on some morpho-anatomical perturbations induced by D. viscosa leaf exudates, using lettuce as the target plant. These perturbations, which may become unnoticed during the usually macroscopic manifestation of allelopathic action, may have a strong impact on further seedling growth and physiology.
Materials and methods
Dittrichia viscosa (L.) W. Greuter (syn. Inula viscosa (L.) Aiton), Asteraceae, occupies and dominates disturbed land, like roadsides and abandoned fields. Shoots were harvested from stands in its natural environment during the summer, when concentrations of epicuticular flavonoid material are at their maximum (Stephanou & Manetas 1997b) . Fresh leaves corresponding to 10 g of dry mass were immersed in distilled water (100 ml) for 3 h under gentle shaking. The resulting solution was passed through a 0.45 µm filter to remove dust, fungal spores etc. and was freeze-dried. The material was re-dissolved in distilled water, standardized through its absorbance at 290 nm (OD 290nm , Stephanou & Manetas 1995) and used in seed germination bioassays. In all cases, seeds were washed for 3 h in running tap water. This pretreatment afforded seeds devoid of fungal spores (personal observations). Germination took place in a growth chamber under 35 µmol m -2 s -1 PAR, a temperature of 20°C and photoperiod of 12 h. A seed was considered as germinated after the emergence of the radicle through the pericarp. For soil-based bioassays, seeds of Malcolmia maritima were sown in small plastic pots (10 pots per treatment) filled with local soil collected from places characterized by the absence of D. viscosa. The pots were initially watered with 10 ml of distilled water or 10 ml of test solution containing 2 mg ml -1 of freezedried material. When needed during the subsequent 7 days of observations, all pots were given distilled water only. For filter paper-based bioassays, fifty lettuce seeds were evenly spaced on filter paper in 9-cm sterile Petri dishes (10 replicates per treatment) and watered with either 6 ml distilled water or test solutions. In preliminary experiments it was shown that the test solutions had the same pH and viscosity with distilled water and their negligible osmolarity (measured with a Wescor 5100A vapour pressure osmometer) did not affect seed germination (see also Stephanou & Manetas 1995) . Accordingly, the observed effects of the leachate on roots were due to its allelochemical content. In these experiments, two concentrations of the freeze-dried material were used: 2 mg per ml (here-after defined as undiluted rinsate) and 1/3 strength rinsate. The OD 290nm of the undiluted rinsate was 8.0 and corresponds to epicuticular material rinsed from 12 cm 2 of leaf surface (ca. 2-3 mature leaves). After 7 days, germination in control dishes was completed. 25 randomly selected seedlings from each dish were allocated for the measurement of dry mass. The seedlings were divided into root and shoot and dried in an oven at 80°C for 24 h. The remaining seedlings were placed on an appropriate dark background, scanned with a Hewlett-Packard scanner (ScanJet 6200C) and root length and presence of lateral roots were measured using the Image Tool 1.25 program. Specific Root Length (SRL, cm/mg) was determined from dry mass and root length measurements and the loss of orientation was quantified as the number of roots that had lost contact with the surface of Petri dish.
In separate but similar experiments, the seedlings were used for microscopical observations. For light microscopy, fresh root tips were fixed and stained in acetic lactic orcein and examined with an Axioplan (Zeiss) microscope after squashing on a microscope slide. For the estimation of mitotic index (percentage of nuclei engaged in mitosis at the time of fixing), 20 roots per treatment with three randomly selected frames within the meristematic zone from each root were observed. The same preparations were examined for the presence of root cap statocytes. For scanning electron microscopy (SEM), the seedlings were fixed in 3% glutaraldehyde for 3 h at room temperature in 0.025 M phosphate buffer (pH 7.0), dehydrated in an acetone series and critical point dried. After sputter coating with gold, they were examined in a JEOL 6300 SEM.
Significance of differences between treatments was determined by applying a Student's t-test. In the case of SRL, a nonparametric test was used since the variability was not normally distributed (SPSS 9.01, SPSS Inc.). Figure 1 shows that in soil-based bioassays, the D. viscosa allelochemicals caused a considerably delay in seed germination of Malcolmia maritima, yet the slight negative trend in the final percent germination was not statistically significant. In addition, the radicle length was reduced (1.97 ± 0.19 cm in controls vs. 1.55 ± 0.23 cm in treated seeds, p < 0.05). Inhibitory effects have been obtained with lettuce seeds as well in similar, soil-based bioassays (Stephanou & Manetas 1995) . Although the above results indicate that D. viscosa allelochemicals are not inactivated in the soil, the soil-based bioassay is not appropriate for studying the possible mechanisms of inhibitory action under the microscope, due to extremely fragile nature of radicles. On filter paper, lettuce seed germination was slightly (ca. 30 -40%, depending on rinsate concentration) but significantly inhibited in the presence of D. viscosa allelochemicals ( Table 1 ). The same was true for the root mass of germinated seeds, while the effect on root length was much more pronounced (Table 1) . As a result, the specific root length (i.e. the length corresponding to the unit mass) was considerably decreased. In other words, allelochemicals present in the rinsate induced shorter but thicker roots. However, the shoot dry mass and cotyledon size were not affected (data not shown). Apart from the effects on seed germination and radicle growth, visual observations revealed a high incidence of laterals (Table 2 ) and an unusual and chaotic configuration in roots of treated plants. For example, a high frequency of roots oriented towards the dish cap was observed, indicating an ageotropic response (Table 2) . A typical example is shown in Fig. 2 where a treated seedling ( Fig. 2A ) is compared to a control one (Fig. 2B , see also Fig. 2E ). The finding of gravitropic orientation loss prompted us to focus more on the root cap and particularly its statocytes (Volkmann & Sievers 1979) . Although abundant statocytes were observed in all (n = 20) control root preparations, statocytes in treated roots were completely absent in five cases, considerably rare in 12 cases and only in three cases they were found to form a group. Moreover, statocytes of treated roots did not show the typical polarity with amyloplasts accumulating on one side and the nucleus occupying the other side of the cell (Volkmann & Sievers 1979) . Instead, the nucleus of treated root statocytes was located in the center of the cell, surrounded by amyloplasts (cf Fig. 2 F  to 2G ). In addition to the above, observations under the stereoscope revealed a dark brownish tip and the complete absence of root hairs in treated plants ( Fig. 2C to  2 D) . The absence of root hairs is shown also in SEM micrographs (cf. Fig. 3A to 3B) . Finally, the allelopathic material reduced the frequency of dividing cells in the root meristematic zone, while abundant mitotic figures were observed in control plants (Table 2) .
Results

Discussion
Inhibitory effects of secondary metabolites using various target plants have been reported in many cases (see Inderjit et al. 1999 and the literature there-in). The criteria used in these investigations were gross seed germination, and seedling root and shoot growth. Yet, Fig. 1 . Effects of D. viscosa leaf water soluble exudates on seed germination of Malcolmia maritima in soil-based bioassays. Data are means ± SE from 10 independent replications. s control irrigated with distilled water; v treated with test solution containing 2 mg ml -1 of allelochemicals at the start of the experiment. See Materials and Methods for further details. Table 2 . Effects of D. viscosa leaf rinsates on incidence of lateral roots and ageotropic behavior (both as percent of germinated seeds) and mitotic index in the meristematic zone of lettuce roots. Data are means ± SE from 10 independent replications (lateral roots and ageotropic behavior) or 20 root preparations (mitotic index). All differences are statistically significant at p < 0.001 (see Materials and Methods for further details).
Lateral
Ageotropic Mitotic roots index (%) (%) Control 4.5 ± 1.7 2.7 ± 1.8 14.7 ± 1.1 Undiluted rinsate 60.2 ± 3.4 47.5 ± 6.3 2.2 ± 0.3 the effects at the cellular level, which may underlie the macroscopic observations, have not been adequately addressed. These effects may have far-reaching consequences for the growth of young seedlings in their attempts of establishment. For example, the role of root hair density in water absorption and nutrient acquisition is well known (Hofer 1991) . Equally important in the exploitation of soil resources is the specific root length (Aerts et al. 1991) . In addition, loss of normal gravitropic root orientation, if accompanied by reduced ability for re-orientation of roots towards locally concentrated soil resources, could have a strong negative effect on seedling establishment. In conclusion, a short, hairless, ageotropic root with reduced specific length, would suppress the seedling's competitive ability for resource acquisition, especially under water and nutrient-limited conditions. In our short-term experiments, the shoot and cotyledon growth were not affected, indicating that the active substance(s) were not translocated to these compartments or that they were not harmful for shoot growth. However, a damaged root would indirectly affect shoot growth in the long term.
Since our results on the mechanisms of the suppression of the seedling growth were based on filter paper bioassays, one may object that the extrapolation to field conditions is unjustified. However, the gross inhibitory action of D. viscosa leaf exudates was maintained in soil-based bioassays performed not only with lettuce, but with the frequently co-occurring herb M. maritima as well (Fig 1, see also Stephanou & Manetas 1995). In addition, allelopathic flavonoids released by the weed Pluchea lanceloata have been detected in soils associated with this weed (Inderjit & Dakshini 1991 , 1992 , indicating that microbial degradation in some circumstances may not completely abolish the allelopathic effects. In any case, we suggest that the strong biological activities of the epicuticular material from D. viscosa may improve the competitive ability of the donor plant against its neighbors. Apart from the results of this investigation, indirect evidence for such a hypothesis is the seasonal peak in the concentration of the active material just before the autumn rains and its subsequent drainage to the soil by the rain (Stephanou & Manetas 1997 b) . Both events provide an excellent timing for exerting the phytotoxic effects at the period when most Mediterranean plants (including M. maritima) germinate. Although the above do not afford a direct proof of allelopathy, they indicate allelopathy as a reasonable possibility.
Concerning the mode of action of D. viscosa allelochemicals, the multiplicity of the observed effects and the complex nature of the epicuticular exudates do not allow much ground for speculation. Yet, a low frequency of cell divisions in the meristematic zone could result in suppressed root growth and reduced root cap. A reduced root cap with abnormal statocytes could explain the inability of response to gravity. It may also be noted that a) cell division, b) the polarized cell growth required for root hair formation and c) the polar distribution of cell organelles in statocytes required for gravitropic bending, have been correlated with cytoskeleton activity (Wasteneys 2000; Foreman & Dolan 2001) . Accordingly, an interference of D. viscosa allelochemicals with normal cytoskeleton function can be presumed. Alternatively (or in addition), an inhibitory action of D. viscosa flavonoid aglycones can be alleged. Some of these compounds are thought to act as polar auxin transport inhibitors perturbing normal auxin levels in the roots and resulting in a suppressed ageotropic growth and the induction of laterals (Jacobs & Rubery 1988; Brunn et al. 1992) . Apparently, more work with fractionated exudates is needed to test these hypotheses.
